autoregulation of blood flow in skeletal muscle was investigated by stimulating muscle to contract. At elevated metabolic rates good autoregulation of blood flow was observed but at higher blood flow levels than those observed in resting muscle. The degree of autoregulation in the contracting muscle was at least as great as in resting muscle. It would appear that a close link with metabolism is involved in the mechanisms associated with autoregulation of blood flow.
W HEN RESTING SKELETAL MUSCLE is perfused with blood an increase in perfusion pressure is followed by an increase in resistance to blood flow through the muscle. A decrease in perfusion pressure is followed by a reduction in resistance to blood flow through the muscle. As a result of these changes in resistance, the blood flow changes relatively little over a wide range of perfusion pressures. This tendency toward constant blood flow may be called "isoemic autoregulation." The mechanism which produces isoemic autoregulation is not known with certainty, btit it may be linked to the metabolism of the muscle (I). In this investigation the effect of increased metabolism on isoemic autoregulation was tested by stimulating skeletal muscle to contract.
METHODS
The preparation used was the in situ gastrocnemiusplantaris muscle group of the dog described in a preceding paper (I). The ten dogs used were anesthetized with either pentobarbital, 30 mg/kg, or diallyl barbituric acid and ethyl carbamate (Dial with urethan, Ciba), 0.5 ml/kg. the venous pressure of the muscle group and the venous bed of the rest of the hind limb, venous outflow has been considered to be a valid measure of blood flow through the muscle (2).
In the experiments reported below, venous pressure was regulated and venous outflow was accepted as correct and used in the calculation of oxygen uptake and in the construction of steady state pressureflow graphs. Because the transients measured by the venous outflow meter were markedly damped, arterial inflow recordings were used to demonstrate the transient patterns discussed in this study.
Contraction of the muscle was produced by stimulating the peripheral stump of the cut sciatic nerve. The nerve was sectioned prior to stimulation to prevent vasomotor activity produced by afferent stimulation. The stimulation of the nerve (once per second with 0.7-v shocks I msec in duration) produced a series of single twitches which could be continued at least as long as needed for these studies. One twitch per second was observed to be the maximal rate of stimulation at which steady blood flow and oxygen uptake could be maintained.
Oxygen uptake was calculated from the Fick equation, using venous outflow and arterial and venous blood oxygen contents analyzed spectrophotometrically (3) .
Each experiment followed the same basic protocol. After the extracorporeal blood circuit was connected and blood flow was observed to be constant, pressureflow relationships were examined with the muscle at rest, innerva.ted.
These relationships were studied again about IO min after acute denervation when the blood flow was again steady. Subsequently the nerve was stimulated to produce muscle contractions. The pressureflow relationships were studied during the contractions as soon as the blood flow became steady.
RESULTS
Resting muscle. The flow responses of innervated, resting muscle to changes in perfusion pressure are shown in the left half of Fig. I . After a change in pressure, there was a period in which the flow changed transiently in the same direction as the pressure. This was followed by a change in resistance to flow such that flow returned toward the same steady level that existed prior to the pressure change. The entire transient phase was complete and steady flow achieved at each pressure in 1-2 min. The steady state pressure-flow relationship typical of these resting, innervated muscles is seen in Fig. 2 visually the curve appears to be essentially parallel to the steady state pressure-flow curve of the same muscle at rest. As seen in Table I , when viewed in terms of absolute numbers, the 5o-mm Hg pressure alteration changed the blood Aow through the resting muscle an average of 3.73 ml/min and that of the contracting muscle an average of 4.98 ml/min.
In Blood flow increased relatively less than oxygen uptake. The additional oxygen uptake came from an increased extraction of oxygen from the blood.
To test the possibility that stimulation of the nerve per se may have had some effect on the blood flow, curare was infused into two dogs until there was no contraction response to nerve stimulation. Stimulation of the nerve once each second during curare block of neuromuscular transmission had no effect on the blood flow responses to pressure change. The transient and steady state pressure-flow patterns were similar to those obtained when the muscle was at rest with no nerve stimulation.
In two other dogs an increase in muscle metabolism was produced without nerve stimulation and without muscle contraction by intravenous infusion of IOO mg of 2, 4-dinitrophenol, which increased the muscle metabolism nearly to the same level as occurred during the contractions.
The transient and steady state pressureflow patterns were similar to those of the contracting muscle (see Fig. I , Table I ). The transient phase was of short duration and isoemic autoregulation appeared at elevated flow levels. The change in transient and steady state pressure-flow relationships during muscle contractions would appear to be related to the altered metabolic rate of the muscle rather than to any other effect of nerve stimulationIn two experiments the parasympathetic blocking agent atropine was infused intravenously until there was no response to a dose of acetylcholine which previously produced a good depressor eff'ect on blood pressure. In two other experiments the sympathetic blocking agent Dibenzyline (Smith, Kline & French) was infused intravenously until there was no response to previously effective doses of epinephrine.
Neither of these drugs had any effect on the tendency of flow to remain fairly constant over the available range of perfusion pressure.
DISCUSSION
Isoemic autoregulation is still present when the metabolism of the muscle is increased. The degree of isoemic autoregulation appears to be as great during the muscle contractions as it is when the muscle is at rest, and the level of blood flow which is regulated seems to be related fairly closely to the metabolic rate of the tissue. Neither presence nor absence of neural connections to the central nervous system nor the functional state of nervous connections within the muscle appear to have any significant effect on the phenomenon.
The relatively high level of vascular resistance in denervated resting muscle may be due to a circulating vasoconstrictor agent or to a tendency of vascular smooth muscle to contract when stretched (4) (5) (6) (7) (8) . Whatever the source of this vasoconstriction, its effect is reduced by the action of some dilator mechanism closely associated with the metabolism of the muscle. At any blood perfusion pressure within the range of muscle perfusion pressures studied, an increase in metabolic activity increased the blood flow through the muscle, i.e., active hyperemia.
The level of blood flow reached was relatively independent of the muscle perfusion pressure, i.e., isoemic autoregulation.
Active hyperemia as well as reactive hyperemia have long been considered to operate through some metabolically linked mechanism (g-1 5) Fairly specific dilator metabolites have been proposed as the substance or substances responsible for the dilator activity of active and reactive hyperemia (I 4, I 5). The production rate of the metabolite must be geared to the activity in some part of the metabolic scheme of the tissue. The metabolite production and therefore its concentration in the environment of the vascular smooth muscle are increased by activity such as muscle contraction or glandular secretion (active hyperemia) (I 4, I 5) . Accumulation of the dilator during vascular occlusion has been considered the cause of reactive hyperemia.
If the concentration of the dilator metabolite in the environment of the vascular smooth muscle of the resistance vessels at a given metabolic rate is altered by changes in blood flow through these vessels such that an increase in flow would tend to decrease the concentration of the dilator metabolite and vice versa, isoemic autoregulation will occur. It has been observed that short-duration changes in perfusion pressure, which would not be expected to It is possible that the effective hydrostatic pressure
